In the present article the effect of kosmotrope compounds, i.e. systems having the capability to stabilize biological macromolecules, is investigated by using complementary techniques. The attention is focused on the kosmotrope character of trehalose, a glucose disaccharide, compared to its homologous maltose and sucrose. Complementary techniques of neutron scattering, such as Inelastic Neutron Scattering (INS) and Quasi Elastic Neutron Scattering (QENS) allow to point out the capability of trehalose to strongly affect both the structural and dynamical properties of water. Finally the stabilization effect of trehalose on a well know protein, lysozyme, is studied as a function of temperature by Small Angle Neutron Scattering (SANS).
INTRODUCTION
It is well known that salts may stabilize protein promoting aggregation (Hofmeister effects) [1] and preferential hydration and increasing water surface tension [2] , or can also influence protein stabilization by ion binding or screening of electrostatic (either attractive or repulsive) interaction [3] . It has been also suggested that salt-induced effects on the structure, stability and kinetics of protein are attributed to the binding of counterions, namely anions resulting in minimization of intramolecular electrostatic repulsion [3] .
The analysis of thermodynamic parameters can offer some useful information on protein stabilization process. In fact, the variation of entropy of the aqueous solvent has a fundamental role in protein stability and folding. Cosolutes have a significant effect on the interplay between solvent entropy and protein stability [4] , influencing chemical potential of both protein and solvent [5] .
It has been demonstrated that the effectiveness of trehalose in protein stabilization is higher than that achieved using other sugars such as maltose, sucrose, glucose or fructose [6] [7] [8] . Some experimental findings obtained by several spectroscopic techniques indicate that the structural and the dynamical properties of water result perturbed by disaccharides, and in particular by trehalose [9] [10] [11] [12] [13] [14] . The obtained findings are consistent with the picture of a disaccharide perturbing effect on the H 2 O tetrabonded network of water molecules [9] [10] [11] [12] . Furthermore Elastic Neutron Scattering and viscosity measurements allowed for the "strongest" character in the Angell's classification scheme of trehalose in comparison with the other disaccharides to be pointed out [13] .
In general cosolutes affect protein stability in different ways. Two of these are directly interaction with the protein (i.e. binding) and effects on the solvent (i.e. excluded volume effects) [15] . Organisms accumulate cosolutes as a physiological response to heat-shock, desiccation, osmotic shock and freezing.
Lysozyme is a well known protein responsible for breaking down the polysaccharide walls of many kinds of bacteria and thus it provides some protection against infection. From the applicative point of view, it is used as a preserving compound in many food products; the investigations on meat have showed that the addition of lysozyme resulted in a considerable inhibition of growth of the initial aerobic bacterial counts and a limitation of disadvantageous organoleptic changes during cold storage of samples [16] . The obtained results showed that lysozyme might be an effective agent extending shelf-life of portioned poultry meat. On the other hand, the scientific interest on lysozyme has stimulated extensive studies on the water arrangement around the protein, the interaction between lysozyme and salt molecules and structural and dynamical properties of lysozyme [17] [18] [19] [20] [21] . Sokolov and coworkers [19] have investigated the influence of glycerol and trehalose on lysozyme by Raman scattering, focusing particularly the attention on the low-frequency spectra. They conclude that protein is strongly coupled dynamically to trehalose and to glycerol and that glycerol provides superior suppression of protein dynamics than trehalose does at low temperature, while trehalose appears to be more effective at higher temperatures. A combined Raman and MD simulation study performed by Descamps and coworkers [20, 21] on lysozyme/trehalose/H2O, lysozyme/maltose/H2O and lysozyme/sucrose/H2O solutions has been focused on the hydration properties of the protein in presence of disaccharides and their dependence on concentration, pointing out that trehalose hydrates preferentially lysozyme more than maltose and sucrose and confirming the higher destructuring effect.
The present work is focused on the use of complementary neutron scattering techniques to investigate the kosmotrope character of trehalose compared to its homologous maltose and sucrose, which posses the same chemical formula, but different structural and dynamical properties and then different bioprotective action. The influence of trehalose in lysozyme mixtures is finally described in the protein denaturation temperature range.
MATERIALS AND METHODOLOGY
Ultra pure powdered trehalose, maltose and sucrose, chicken-egg-white lysozyme and H 2 O, purchased by Aldrich-Chemie.
INS measurements have been performed by using the indirect geometry time-of-flight spectrometer TOSCA at at ISIS, the world's leading pulsed neutron and muon source located at the Rutherford Appleton Laboratory (RAL, UK) [22] . The energy resolution of TOSCA is E/E 1.5-2% for energy transfers up to several hundred meV. This high resolution coupled with the high intensity of the ISIS source makes TOSCA ideal for studying the dynamics of water and water mixtures below 2000 cm -1 (250 meV) [22] . Measurements were performed at a temperature value of 27K on hydrogenated trehalose, maltose and sucrose (C 12 H 22 O 11 ) in H 2 O at different weight fraction values corresponding to 2, 7, 10 and 14 H 2 O molecules for each disaccharide molecule. The samples, contained in thin walled aluminium cells, were cooled to 27 K by a liquid helium cryostat. For all the investigated hydrogenated samples, the measurement time was 12 hours for each run. For the data treatment the standard GENIE programme has been used [22] . For all the plots the error bars to be considered are ~5%. The multiple scattering contribution has been minimised by using a thin sample in order to obtain a scattering transmission from the sample 90%. The multiphonon neutron scattering contribution (MPNS), which can be significant at high temperature and large momentum transfer, has been calculated directly from the measured spectra by using a method of sequential iterations. Since measurements were performed at low temperature, the MPNS contribution is not large at the translational modes region (i. e. at low Q region) [23] [24] [25] .
QENS measurements have been performed by using the IRIS high resolution spectrometer at ISIS (RAL, UK) [26, 27] O) molecules for each disaccharide molecule. In the deuterated solutions (at the investigated concentration) the coherent contribution to the total scattering cross section is ~5%. In the case of QENS in protonated samples, the attention is focused on the incoherent scattering arising from the self-correlation function which involves the motions of protons, the ratio between the incoherent cross-section i and the scattering cross-section s being i / s =0.94. We used the high resolution configuration of IRIS (graphite 002 and mica 006 analyser reflections) to measure sets of QENS spectra covering a Q, -domain extending from =-0.3 to 0.6meV (energy transfer) and Q=0.3 to 1.8Å -1 (momentum transfer) [26, 27] . The detectors used give a mean energy resolution of =8μeV of Half Width at Half Maximum (HWHM) as determined by reference to a standard vanadium plate. The sample was contained in an aluminium cell, that allows to obtain liquid samples in the form of slabs of 45 35mm 2 and different thickness from 0.2 (for hydrogenated samples) to 1mm (for deuterated samples). Using a sample changer accepting a vertical stack of three precisely aligned cuvettes it was possible to measure highly reliable spectra, and to keep the signal from the empty container below 1% of that from samples. The raw spectra were corrected and normalised using the standard GENIE procedures and the IRIS data analysis package [26, 27] [28] .
RESULTS
It is known that in the ice 0÷400 cm -1 spectrum two bands are observed at low energy: the first one, having a sharp peak at 56 cm -1 , is dominant on the second one centred at 148 cm -1 . They can be assigned to acoustic modes: in fact, that in the ice spectrum the peak at 56 cm -1 denotes the first Van Hove singularity in the dynamics of acoustic phonons. The two peaks present at 224 cm -1 and at 304 cm -1 with cutoffs on their right-hand sides are due to molecular optical modes [23] [24] [25] . broader and shifted at 72 cm -1 . The shift at higher energy is indicative of a strong interaction between disaccharides and water molecules. Important changes are also appreciable for the other bands and the second peak of the optical mode is present but deformed. The water contribution in this region starts to become marked only for the concentration value corresponding to 14 H 2 O molecules for each disaccharide molecule, showing a spectrum more similar to that of water. Comparing trehalose and sucrose spectra, it is evident that sucrose is more strongly influenced by water and for sucrose mixtures the spectral features relative to the disaccharide contribution are more rapidly lost that for trehalose mixtures.
In the ice 400÷1060 cm -1 region it was found that the characteristic value for the librational band in the INS spectrum for different ice forms is the position of its lowenergy cut-off [23] [24] [25] . The observed shifts of the cut-off position are proportional to the transverse forces between the water molecules which are of different intensity for the different ice forms [23] [24] [25] . In order to point out the differences due to the trehalose, maltose and sucrose mixtures in the librational spectral region, in Fig. (2) the INS spectra of disaccharides/H 2 O mixtures at different concentration values in this region are shown. A depression of the intensity of the cut-off is observed and, as it can be expected, it is more evident for trehalose, maltose and sucrose/7 H 2 O, the cut-off becoming sharper by increasing the water content. Concerning the shift of the cut-off position, which for H 2 O is at 550 cm -1 [23] [24] [25] , for all the investigated concentration values in trehalose mixtures we observe the same shift of 16 cm -1 , whereas for maltose mixtures the shift is of 3 cm -1 , and for sucrose mixtures no shift occurs.
The ice 1060÷1800 cm -1 spectral region corresponds to bending vibrational modes range [23] [24] [25] . As it can be observed by Fig. (3) , which shows the INS spectra of disaccharides/H 2 O mixtures at different concentration values in this region, the H 2 O spectrum is characterised by two distinct bands centred at 1224 cm -1 and 1608 cm -1 , respectively. In the spectra of the investigated trehalose, maltose and sucrose/H 2 O mixtures, these features are totally changed. The band at 1608 cm -1 is absent in the disaccharide/H 2 O spectra, confirming that disaccharides are able to affect the water hydrogen bond O-H···O bending modes connected to the strength and tetrahedrality of the hydrogen bonding [16] [17] [18] . In particular the role played by disaccharides is to impose to water a network which deviates from tetrahedral bonding and for which the hydrogen bonding among water molecules is diminished while that among disaccharides and water molecules is increased.
In QENS investigations of hydrogenated systems we can distinguish among different proton populations which contribute to the scattering law: i) protons of the disaccharide molecule and of its hydration shell, that follow the same diffusion law; ii) protons of the water molecules of higher hydration shells, whose diffusion is influenced by the presence of the disaccharide; iii) protons by bulk water that in our case are not present, as shown by ultrasonic, viscosity and light scattering measurements [9] [10] [11] [12] . The spectra have been analyzed by using the fitting function: (1) where the first two terms refer to the translational and rotational contribution of hydrated disaccharide (f Disaccharide and f hydr represent fraction factors of the total scattering from disaccharide and its strongly bonded water molecules), and the third one refers to hydration water (f Disaccharide + f hydr =1). Therefore the dynamical information of the diffusive dynamics of disaccharide can be obtained by the analysis of disaccharide+D 2 O spectra analysis for which f hydr results negligible.
For trehalose aqueous solutions, the f hydr parameters keep constant with Q at the values of 0.032, 0.108, 0.223 and 0.328 for T=283K, 295K, 308K and 320K, respectively, corresponding to 18.0, 15.7, 12.2, 9.0 water molecules bound to the trehalose molecules. These hydration number values are in excellent agreement with those obtained by ultrasonic, hypersonic, viscosity and Raman scattering techniques [9] [10] [11] [12] . As far as the hydration number values of the three disaccharides is concerned, at T=320K the f hydr parameters result 0.328, 0.348, 0.378 for trehalose, maltose and sucrose solutions, respectively, corresponding to 9.0, 8.4, 7.5 water molecules bound to the disaccharide molecules.
The linewidth 3 of the translational contribution of water in presence of disaccharides and of pure water as a function of Q 2 follows a Random Jump Diffusion (RJD) model [29] , as shown in Fig. (4) :
where D s is the self diffusion coefficient of the molecule and is the residence time. The RJD model furnishes the diffusion coefficient D s value from the extrapolation to Q 0 and the residence time from the inverse of the asymptotic value at Q . Fig. (5) shows the obtained result from the fitting procedure for the diffusion coefficient and the residence time.
The whole water dynamics in trehalose solutions for T=283K, 295K, 308K and 320K resembles that of water at 256K, 261K, 263K and 268K, indicating that the water has a diffusive behaviour strongly triggered by the trehalose molecules.
For the diffusion coefficient of water in the three disaccharide aqueous solutions we obtained at T=320K the value of D w = 8. In a SANS experiment, the scattering intensity is due to the interference of spherical waves originating from nuclei alike or different which are in the same (intraparticle contribution) or different molecules (interparticle contribution). The position of each nucleus can be written taking into account the centre of mass of the molecule R n and results r i(n)= R n + R i(n) . The coherent scattering cross-section in the "decoupling approximation" can be written as [30, 31] :
where the term P [Q] 2 is the form factor and contains information about the size, the shape and the internal structure of the molecule. 
For Q values smaller than the inverse of the characteristic dimensions of the particle, the spatial resolution is not sufficient to determine the shape, and only information about the size can be obtained by using the Guinier relation:
where V' is the volume of the particle and R g is the gyration radius [30, 31] .
In order to extract information about the size and the shape of lysozyme conformation, we have used two parallel procedures data analyses. The first one is based on a model fitting procedure that well approximates the lysozyme shape, the second one is based on the Guinier analysis procedure where the value of the gyration radius can be extracted by the gradient of the linear fitting function when the natural logarithm of the differential cross-section is reported versus Q 2 for small values of Q 2 .
Fig. (6) shows the intensity profiles I(Q) as a function of Q of lysozyme/D 2 O solution for T=310K and T=333K together with the Guinier plot. Following the prolate ellipsoidal model, the form factor, normalized by the particle volume and averaged over all possible orientations of the ellipsoid, is expressed by:
where ( ) ( ) It is evident that this model fits in a very good way the experimental data profiles. For the gyration radius, by using the formula R g 2 =1/5(2r a 2 + r b 2 ), we obtain the values of R g =11.8Å and R g =12.7Å for T=310K and T=333K. The values relative to the two temperature values indicate an increase of the protein dimensions: this means that denaturation processes occurred in the investigated temperature range. On the other hand, the Guinier analysis procedure furnishes at T=310K the value of R g =11.8Å and at T=333K the value of R g =12.6Å. The obtained absolute values are not significant due to the strong approximation in which the analysis procedure is valid. On the contrary, the obtained relative values, maintaining the analogous ratio shown by the model fitting procedure, are important because furnish the confirmation that lysozyme has lost its native conformation.
A comparison of lysozyme/D 2 O/trehalose solutions spectra for T=310K and T=333K is shown in Fig. (7) . Since in this case we are not able to fit the intensity profile by means of a suitable model, numerical values of the lysozyme dimensions in solution in presence of trehalose are extracted by using the Guinier procedure, furnishing at T=310K the value of R g =16.2Å and at T=333K the value of R g =16.4Å. We observe that by increasing temperature the value of the gyration radius is not changed, this circumstance emphasising the stabilising effect of trehalose on lysozyme.
DISCUSSION AND CONCLUSION
In this paper a combined study performed by INS, QENS and SANS on binary disaccharide/H 2 O mixtures and ternary disaccharide/protein/H 2 O mixtures as a function of Q, concentration and temperature is shown. The goal is to highlight the kosmotrope nature of trehalose and its capability to stabilize biological systems.
The physical picture obtained from the performed studies shows that the highest bioprotectant effectiveness of trehalose in comparison with the other disaccharides is due to the combined effect of different co-factors. What emerges is that the biological action of disaccharides can be explained by the strong interaction with water molecules, as emphasised by the INS findings. This capability imply that disaccharides, and in particular trehalose, promote an extensive layer of structured water around its neighbourhood, which destroys the tetrahedral H-bond network of pure water, providing a structure whose spatial positions and orientations are not compatible with those of ice. On the other hand, the QENS results point out that the disaccharides strongly affects also the water dynamics, with a higher effect in the case of trehalose water solutions. The conclusion is that trehalose, besides imposing an order on the tetrahedral network of water, significantly slow down the dynamics of water. The higher slowing down effect of the diffusive dynamics observed for trehalose is evidently linked to its extraordinary capability to "switch off" the metabolic functions. Therefore such a finding, implying for trehalose a higher kosmotrope character, can account for its bioprotective effectiveness. This aspect is emphasised by the SANS results, which show that the protein dimensions are not changed by increasing trehalose, therefore trehalose inhibits significantly the temperature induced swollening of lysozyme.
